These studies established a macaque model of early-phase endotoxic shock, and investigated the resuscitation effects of three different solutions. Twenty-four macaques were assigned to four groups. Nineteen animals were given an intravenous dose of 2.8 mg/kg lipopolysaccharide (LPS). At 60 min after LPS challenge, the animals were given (i) 5 mL/kg normal saline (Ns group, n ¼ 6), (ii) 5% of 5 mL/kg sodium bicarbonate (Sb group, n ¼ 6), (iii) hypertonic 3.5% sodium chloride of 5 mL/kg (Hs group, n ¼ 7). The control group (Co group, n ¼ 5) was first injected with 1 mL/kg Ns and with 5 mL/kg Ns 60 min later. Haemodynamic parameters and blood gases were measured during the experiment, and myocardial morphology was examined on termination of the experiment. Administration of LPS caused hypotension and decreases of the left ventricular work index (LVWI). In the Sb group, mean arterial pressure, cardiac index, systemic vascular resistance index, LVWI and right ventricular work index were significantly higher than those of the Ns group. Pathological changes of myocardium were identified in all of the LPS groups. The studies suggest that macaques are suitable models for studying endotoxic shock and potential fluid therapies.
Non-primates and primates, such as rats, rabbits, dogs, baboons and rhesus macaques, have been used for research on septic shock. Primates, including humans, share similar physiological functions and anatomical features, especially cardiovascular functions, and septic shock treatment has been studied in primates (Hinshaw et al. 1983 , Biemond et al. 1995 , Leturcq et al. 1996 , Harper et al. 1998 . Macaca mulatta are often used as primate models because they are genetically defined and physically suitable in procedures with Swan-Ganz catheters for cardiac function studies. M. mulatta are available specifically bred for research.
The concepts of sepsis, septic shock, hypotension and multiple organ system failure, and the diagnostic criteria of septic shock have been recently defined (Parrillo 2000) . Septic shock is defined as sepsis associated with hypotension, despite adequate fluid resuscitation, along with the presence of perfusion abnormalities, which may include but are not limited to lactic acidosis, oliguria, or an acute alteration in mental status. Hypotension is defined as a systolic blood pressure lower than 90 mmHg or a reduction greater than 40 mmHg from baseline in the absence of other causes of hypotension in man (Parrillo 2000) . These definitions suggest that hypotension is a necessary index of early-phase endotoxic shock, but the reduction of the blood pH and the increase of the lactic acid are not criteria; these measurements may be used to identify the early phase of septic shock.
In addition to the administration of antibiotics, fluid therapy is an important treatment for septic shock. Crystalloid solutions are effective as immediate perfusions in initial volume replacement, but the effects are short-lived. Perfusions influence haemodynamics, especially in the first 60 min of perfusion, despite the sodium load remaining elevated for 3 h (Yin et al. 2000) . In fluid therapy, some crystalloid solutions, such as normal saline (Ns) and 5% sodium bicarbonate (Sb), can be applied as volume replacement and to correct hypotension (Mark et al. 1993 , Chrusch et al. 2002 .
Equal volumes (5 mL/kg) of various solutions, such as Ns, 5% Sb and 3.5% sodium chloride, were administered in the present study. 5% Sb, with osmolarity 1190 mOsm/L, is a hypertonic solution. The osmolarity of 3.5% sodium chloride (1197 mOsm/L) is similar to that of 5% Sb and this solution was used to control osmolarity in the present study.
Since early treatments are more likely to be effective in septic shock, the primary goal of the present research was to establish a model of early-phase endotoxic shock, and to develop a recovery model with fluid therapy within 60 min.
Materials and methods

Animals
Twenty-five macaques (M. mulatta), 12 females and 13 males, aged 5-8 years, 72-96 cm in height and weighing 4.8-9.2 kg, were obtained from the Shanghai Laboratory Animal Center, Academy of Sciences of China. All of the animal studies were conducted in accordance with the guidelines of the Ministry of Public Health of the People's Republic of China. Macaques were singly housed in cages measuring 120 Â 150 Â 120 cm. Shang-mihou 9901 diet containing 20% protein, fruit and tap water was supplied. The cages were kept with a 8-10 h light:16-14 dark cycle, a relative humidity of 60710% and a room temperature of >01C in winter and o351C in summer. The animals were allowed four weeks of acclimatization after arrival.
Preliminary experiment
Lipopolysaccharides (LPS), derived from Escherichia coli 0127:B8 and prepared by phenol extraction, were purchased from the Sigma Chemical Company (Lot: 63214010). The use of a bolus injection of LPS of 3.0 mg/ kg for M. mulatta models has been reported by Hajek et al. (1978) , and in our preliminary experiment, one macaque was used to determine the dosage of LPS and the duration of the experiment. An injection of 2.8 mg/kg LPS resulted in a reduction of mean arterial pressure (MAP) from 130 to 80 mmHg. This dosage was used to establish endotoxic shock in our study, and 60 min after LPS injection was used as a starting point of fluid treatment.
Haemodynamic measurements
After anaesthesia with an intramuscular injection of ketamine (Hubei Pharmaceutical Industries, China; 15 mg/ kg), the animals were mechanically ventilated with a ventilator (SERVE 900C, Siemens-Elama, Germany) through tracheal intubation. During the experiment, the tidal volume was set at 12 mL/kg and the respiratory rate at 20 beats/min. A value of 5 cm H 2 O for the positive end-expiratory pressure was applied to maintain the endexpiratory lung volume. Anaesthesia was maintained by injection of two anaesthetic agents: an intravenous injection of sodium hydroxybutyrate (Hubei Pharmaceutical Industries, China; 200 mg/kg/h) and intramuscular injection of fentanyl citrate (Hubei Pharmaceutical Industries, China; given as a bolus of 6 mg/kg, every 30 min) (Chanimov et al. 1999 , Glass et al. 2000 , American Society of Anesthesiologists Task Force on Pulmonary Artery Catheterization 2003). No changes of ventilator parameters and titration were made during the study protocol. A pulmonary artery catheter (Swan-Ganz, Arrow Inc., USA) was inserted into the jugular vein to measure the haemodynamic parameters by a cardiac output (CO) computer (Siemens, Germany). After percutaneous puncture, the catheter was inserted into the femoral artery and positioned in the abdominal aorta to measure the arterial blood pressures. The venous catheter was introduced into the femoral vein for the perfusions. The midchest level was used as the zero reference level for the supine position, and pressures were measured at the end of expiration.
Serial measurements of MAP, mean central venous pressure (CVP), pulmonary artery pressure (PAP) and pulmonary artery wedge pressure (PAWP) were undertaken. CO was measured in triplicate by injecting 10 mL of 5% dextrose at room temperature into the proximal port of the pulmonary artery catheter, and then calculated from the thermodilution curves by using a CO computer (Siemens, Germany). The following parameters were calculated: cardiac index (CI, CO/body surface area [BSA]), systemic vascular resistance index
Haemodynamic parameters were measured at T À60 (time point of starting injection of LPS), T 0 (time point of starting fluid therapy, T þ 20 (20 min after T 0 ), T þ 30 (30 min after T 0 ) and T þ 60 (60 min after T 0 ).
Blood measurements
Whole blood specimens were collected and anticoagulated with heparin (Sanofi Winthrop Industries, France) to enable the measurements of blood gases, and electrolytes and osmolarity of blood were directly measured by a blood gas analyser (NOVA, USA). In order to avoid blood coagulation in the catheters, Ns solution was continuously infused in the process.
Experimental protocols
The protocols depicted in Table 1 were used. According to a randomized block design, the 24 macaques were randomly assigned to four different groups at T À60 . Nineteen animals were given a bolus LPS of 2.8 mg/kg i.v. at T À60 . After 60 min, the mean fall of MAP was 45 mmHg (from 130 to 85 mmHg). The Ns animals (Ns group, n ¼ 6) received normal saline of 5 mL/kg; the Sb animals (Sb group, n ¼ 6) were treated with 5 mL/kg of 5% Sb; and the hypertonic animals (Hs group, n ¼ 7)
were injected with 5.0 mL/kg of 3.5% sodium chloride i.v. at T 0 . In the control group (Co group, n ¼ 5), the macaques received 1.0 mL/kg of normal sodium at T À60 , and then 5 mL/kg of Ns at T 0 . The perfusion rate was 0.5 mL/kg per min.
Examination of cardiac tissue
All the animals were euthanized by 10 mL of 2% thiopental at T þ 60 . Their hearts and left ventricular muscles were then dissected immediately, and the morphological examinations of cardiac tissue were performed by two pathologists with slides blinded. Whole heart histological sections of haematoxylin eosin-azure (HE) staining were observed by light microscopy, and three ultrathin sections from each heart were examined by electron microscopy. According to the morphological changes, the myocardial changes were scored as:
À Normal myocardium structure. 
Results
Haemodynamics
There were no statistical differences of physiological parameters at T À60 between the control group and animals given LPS.
In the control group, the animals showed no significant haemodynamic changes over the time of experiment. In the three LPS groups, administration of LPS resulted in hypotension and decrease of LVWI and SVRI, but no significant changes of CI, PAP, PAWP, CVP, PVRI and RVWI (Table 2) . Although given equal volumes of solutions, the haemodynamic change rates were different in the three groups treated with LPS, but in the control group there were no significant changes during treatments (Table 3 ).
In the Ns group, the haemodynamics were not significantly changed, although MAP, CI, LVWI and RVWI fell at T þ 60 (P>0.05).
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Endotoxic shock model in macaques 273 In the Sb group, after the administration of Sb, there were moderate increases of CI, RVWI and LVWI at T þ 60 , which were not statistically significant (P>0.05); for the Sb group at T þ 60 , MAP, CI, SCVI, LVWI and RVWI were significantly different (Po0.05) in comparison to the Ns group.
The Hs group displayed a significant increase of RVWI, but no change in other parameters at T þ 60 (Table 3) .
The above results indicate that most functional parameters of systemic circulation, including MAP, CI, SVRI and LVWI, were stable after administering Sb. In contrast, these parameters were moderately reduced by Ns treatment.
Electrolyte and pH
The blood pH values were not altered in the Ns group, whereas those of the Hs group gradually fell. In the Sb group, the pH values at T þ 20 and T þ 30 were significantly higher than those at T 0 , and then returned to normal levels at T þ 60 . The pH values of the Sb group were significantly higher than those of the Ns group at T þ 20 and T þ 30 . At 60 min after LPS challenge, the blood plasma [HCO 3 À ] levels of the endotoxic macaques showed no significant changes.
The administration of Sb resulted in obvious elevations of [HCO 3 À ] levels at T þ 20 as compared with those at T 0 . These parameters were still lower than those at T À60 . The blood lactic acid levels gradually increased in the Sb, Hs and Ns groups during fluid therapy. The Sb group showed lactic acid levels similar to those of the other groups at most experimental time points, but the lactic acid level at T þ 20 was significantly elevated and then declined at T þ 30 . The PaCO 2 levels were not significantly changed in all four groups (Table 4 ).
In the four groups, the sodium concentrations gradually increased, but the concentrations of potassium and calcium showed no significant alteration. The plasma chloride concentrations were stabilized in the Co, Ns and Sb groups during the experiment. The administration of hypertonic sodium chloride resulted in the Laboratory Animals (2005) 39
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elevation of chloride at T þ 20 and T þ 30 . Osmolarity also gradually increased in all of the groups (Table 5) .
Morphological examination of cardiac tissue
The degrees of myocardium of damages in the four groups are summarized in Table 6 , with evidence of myocardial damage occurring in the Ns, Hs and Sb groups. The histological changes of heart tissue were not detected by light microscopy, but the changes of the myocardium were observed in longitudinal thin sections of ventricular muscles in the Ns, Hs and Sb groups by electron microscopy. Degenerative myocardium surrounded by damaged sarcolemma was indicated by the disappearance of double-decked membrane structures and dilation of the sarcoplasmic reticulum; myofilament fractures and contractures were also observed. Myofilament bundles were sometimes broken into many pieces between two Laboratory Animals (2005) 39
Endotoxic shock model in macaques 275 Nuclear changes were observed with irregular high electron-dense materials and with altered nuclear envelope structure. The epithelia and basal membranes of many capillaries around the damaged myocardium were altered (Figures 1 and 2) .
No changes were observed in the control group.
Discussion
Here, we successfully established a macaque model of the early phase of endotoxic shock, with induced hypotension without acidosis, which is consistent with a proposed reference model for septic shock (Parrillo 2000) .
In human volunteers, an intravenous endotoxin bolus of 2-4 ng/kg resulted in pyrexia, cytokine release and mild decline of MAP (Boujoukos et al. 1993 , van Deventer et al. 1993 , Pernerstorfer et al. 1999 . In nonhuman primates, the chimpanzee shows similar sensitivity to LPS as humans, but baboons and rhesus macaques show the similar relative insensitivity to LPS as that shown by rodents (Redl et al. 1993) . The injection of bolus LPS of 10-20 mg/kg, or continuous infusion LPS of 10 mg/kg/h were applied in several studies of rhesus macaques with severe or lasting endotoxic shock (Richman et al. 1981 , Premaratne et al. 1995 . In the present study, LPS of 2.8 mg/kg induced early-phase endotoxic shock, i.e. the decline of MAP, SVRI and LVWI without acidosis. This dosage of LPS in rhesus macaques is consistent with that in studies by Hajek et al. (1978) .
In previous studies of endotoxic shock, the experimental procedures and duration of shock lasted from 2 to 48 h (Fukui et al. 1995 , Hauptmann et al. 1995 . Hinshaw et al. (1983) reported the haemodynamics of sepsis in baboons given E. coli in studies of short duration (120 min), but their paper did not present data on myocardial tissue. By referring to the previous papers (Hinshaw et al. 1983 , Yin et al. 1998 , 2000 and to our preliminary experiment, we designed the experimental period of 120 min, which would allow us to determine the pathophysiological features of septic shock in the early phase, and the effects of fluid resuscitation in this model.
In rat models with sepsis by means of colon ligation and perforation (CLP), the ultrastructural examination showed T-tubules being prominently enlarged (Zhou et al. 1998 ). Rossi and Santos (2003) reported myocardial damages, such as dystrophic calcification in myocytes and myocytolysis, on postmortem examination of a patient following septic shock. In previous studies with rabbits or rats, microorganism or endotoxin challenge resulted in shock 
